We have cloned a mouse cDNA encoding a Mothers-against-dpp (MAD)-related protein, MADRl . Madrl is ubiquitously expressed in the mouse embryo, indicating a broad function in a variety of tissues during embryogenesis, potentially relaying signals of numerous BMPs. However, its expression in the testis is strictly germ cell-specific and developmentally regulated. Testicular Madrl expression starts in some seminiferous tubules at 2 weeks of age. After mid-puberty, a stage-specific Madrl expression is established. During the cycling of the seminiferous epithelium, Madrl expression initiates in the pachytene spermatocytes of stage V seminiferous tubules, peaks at stage X, then decreases as pachytene spermatocytes differentiate into secondary spermatocytes and then round spermatids. In the testis of adult Bmp8b homozygous mutant males, the Madrl-expressing pachytene spermatocytes are the first cell population to show increased apoptosis. These data suggest that MADRl serves as a downstream component of the BMPS signaling pathway during the differentiation of meiotic male germ cells. 0 1997 Elsevier Science Ireland Ltd. All rights reserved
Introduction
Members of the bone morphogenetic protein (BMP) family of growth factors play important roles during different aspects of development and differentiation in various species. Mutations in these genes cause specific defects during embryonic development and organogenesis (for reviews see Gelbart, 1989; Kingsley, 1994; MassaguC et al., 1994; Hogan, 1995; Hogan, 1996) . The genes encoding BMPSA and 8B proteins are the first members of the family shown to be expressed in male germ cells in a stage-specific manner. Before mid-puberty, both genes are ubiquitously expressed in most spermatogonia and primary spermatocytes at low levels. After mid-puberty, Bmp8 expression shifts to stage 6-8 round spermatids at higher levels . Inactivation of the Bmp8b gene causes germ cell defects in the postnatal testis. In the homozygous Bmp8b mutant testis, germ cells either fail to resume proliferation or show a marked reduction in proliferation during the first wave of spermatogenesis. In the adult, the absence of a functional Bmp8b gene causes increased germ cell apoptosis and sterility. Therefore, a functional Bmp8b gene is required for both the initiation and maintenance of spermatogenesis .
The fact that Bmp8 genes are expressed in male germ cells and the inactivation of BmpSb causes germ cell defects strongly supports a hypothesis that BMP8 proteins act as autocrine or paracrine growth factors functioning intratubularly on germ cells . Furthermore, ActRIIA and ActRIIB, two known receptor-serine/ threonine kinases for the BMP family (Yamashita et al., 1995; Hoodless et al., 1996) , are expressed in male germ cells (Kaipia et al., 1992; Kaipia et al., 1993; Manova et al., 1995) . Therefore, our current model for BMP8 function during spermatogenesis is that during early puberty, BMP8 proteins produced by spermatogonia and primary spermatocytes act as autocrine signaling molecules to support the proliferation and differentiation of early germ cells, while in the adult, BMP8 proteins produced by stage 6-8 round spermatids function mainly as paracrine molecules to support the proliferation of spermatogonia Zhuo, B.L.M. LZogan /Mechanisms of Development 61 (1997) GTTAACCGGAATTCCACTA-CCAGGCGACATA -TCCACCTTTA~ACGTlW.X GGAGAGGTG 1292
TATGCGGAAlGCCTCAGlGAt= GCAGCAmGIGCAwCGGAA CTGCAA'X!ACCACCAC GGCMTCAcccCAcCAcc 1373 and the survival and differentiation of meiotic germ cells .
BMPs function either as homodimers or as heterodimers by binding to different heteromeric complexes of receptorserinelthreonine kinases, including type I and II receptors (Kingsley, 1994; Massague et al., 1994) . Signal transduction downstream of the receptors is the focus of many active investigations.
The identification and cloning of the Drosophila Mothers-against-dpp (Mad) gene and several of its homologs in C. elegans and vertebrates are recent breakthroughs in this field Sekelsky et al., 1995; Graff et al., 1996; Hoodless et al., 1996; Liu et al., 1996; Savage et al., 1996) . In vitro studies have shown that MAD-related proteins are cytoplasmitally localized (Graff et al., 1996; Hoodless et al., 1996; Liu et al., 1996) . Upon the addition of TGFP-related molecules to the cells, MAD proteins are rapidly phosphorylated and translocated into the nucleus (Hoodless et al., 1996; Liu et al., 1996) . Biochemical data in a cell culture system suggest that MAD-related proteins are direct targets of BMP receptors upon BMP ligand addition (Hoodless et al., 1996) . The Xenopus MAD homolog, XMADl (homolog of the mouse and human MADRl) induces ventral mesoderm in Xenopus embryos, thus mimicking the activity of several BMPs (Graff et al., 1996) . Human MADRl and Drosophila MAD proteins are interchangeable in relaying the BMPZ and DPP signals through the heteromeric receptor complexes in a cell culture system (Hoodless et al., 1996) . There is also evidence suggesting that MADR proteins act as transcriptional activators when fused with a DNA binding domain (Liu et al., 1996) . Given these in vitro biochemical data, the in vivo functions of Madr genes during development and differentiation deserve intensive investigation using molecular genetic approaches such as targeted mutagenesis and misexpression.
We have started such investigations by cloning the mouse Mad-related genes and by studying their expression during mouse development.
One of these genes, Madrl, is ubiquitously expressed during mouse embryogenesis as revealed by in situ hybridization, suggesting a role in relaying signals of numerous members of the TGFP superfamily. However, contrary to its ubiquitous expression during embryogenesis, Madrl expression in the postnatal testis is male germ cell-specific and developmentally regulated. Furthermore, the Madrl-expressing germ cells are the first germ cell population showing increased apoptosis in the Bmp8b null mutant testis. These findings support the idea that Madrl has a role in BMP8 signal transduction during the initiation and maintenance of spermatogenesis.
Results '

Molecular cloning of mouse Madrl
In order to study the BMP signal transduction pathway during development and differentiation, we isolated mouse cDNAs encoding
Mothers-against-dpp (MAD)-related proteins. Degenerate oligonucleotide primers for polymerase chain reaction (PCR) were designed from the conserved regions of Drosophila MAD and three related C. elegans proteins (see section 4.1 and Fig. 1 ). Using these degenerate oligonucleotide primers, we amplified a 900-bp DNA fragment from a 10.5 dpc mouse embryonic heart cDNA library and cloned it into PCRscript. Sequencing analysis revealed that this DNA fragment was derived from a single cDNA encoding a polypeptide highly homologous to Drosophila MAD. This DNA fragment was used to screen the same cDNA library to isolate full length cDNA clones. Nineteen positive clones were identified from 1 x lo6 plaques, and five of them were purified and sequenced. The longest cDNA clone was about 2.9 kb and contained the full coding region, 260-bp 5' untranslated region (UTR), and 1.3-kb 3' UTR (Fig. 1) . The putative amino acid sequence encoded by Madrl was 75% identical to that of Drosophila MAD and 98% identical to that of human MADRl .
Developmental ,expression of Madrl
To study the in vivo function of Madrl, we first examined its expression during mouse embryonic development using in situ hybridization of sections and wholemount mouse embryos. From 7.5 to 10.5 dpc, Madrl RNA was detected ubiquitously with the probe derived from the antisense strand of Madrl-3' UTR (see section 4.2), although the levels of its expression in dorsal root ganglia Fig. 3 . Stage-and germ cell-specific expression of Madrl during the cycling of seminiferous epithelium. In situ hybridization of sections through different stages of seminiferous tubules was performed using an antisense Madrl riboprobes. Only bright-field photomicrographs are shown to reveal association of silver grains with specific cell types. Sections were counter-stained with hematoxylin alone, therefore only nuclei were shown. Silver grains were associated with both the nuclei and cytoplasm, reflecting the presence of mRNA in both. appeared slightly higher (data not shown). The control probes derived from the sense strand of Madrl-3' UTR did not show any signals above background (data not shown). These results suggest that MADRl has a broad spectrum of functions during mouse embryogenesis by serving as a downstream signalling component for several different BMPs.
In contrast to its ubiquitous expression in the embryo, Madrl expression in the testis is tightly regulated, both temporally and spatially. As shown in Fig. 2 , Madrl transcripts were undetectable by in situ hybridization from birth ( Fig. 2A ) until 2 weeks of age (data not shown). Madrl transcripts were initially detected in a small number of seminiferous tubules of 2-week-old animals (arrows in Fig. 2B ). With increasing age, more seminiferous tubules expressed Madrl at higher levels. As shown in Fig. 2C , at 3 weeks of age, Madrl was detected in most seminiferous tubules as the pachytene spermatocytes in these tubules differentiated to mid and late stages (Fig. 2C) . After mid-puberty (3.5 weeks old), when the steady state cycling of the seminiferous epithelium was established, the expression of Madrl became stage-specific and only certain tubules showed hybridization signal with variable intensity (Fig. 2D-F) .
Madrl expression in the testis is germ cell-and stage-speci$c
In the mouse testis, based on the specific and strict association of germ cells, the cycling of the seminiferous epithelium is arbitrarily divided into 12 stages, indicated by Roman numerals (Russell et al., 1990) . As shown in Fig. 3 , in the adult testis, Madrl RNA was not detected in the pachytene spermatocytes of stage I-IV tubules (big arrowheads in Fig. 3A-C) , although stage I seminiferous tubules contained Madrl-expressing round spermatids (small arrows in Fig. 3A) . However, as the tubules developed to stage V, low levels of Madrl RNA were detected in pachytene spermatocytes (big arrow in Fig.  3D ). The levels of Madrl expression continued to increase from stage V to stage X (big arrows in Fig. 3E-I ), then decreased slightly as these cell differentiated into diplo-tene spermatocytes and decreased further in the secondary spermatocytes and stage 1 round spermatids (Fig.  3A ,J, data not shown for diplotene spermatocytes and secondary spermatocytes).
Mudrl
RNA became undetectable from stage 2 round spermatids to mature sperm (small arrows for round spermatids, small arrowheads for elongated spermatids in Fig. 3A-J and Fig. 4 ). This expression pattern is summarized schematically in Fig. 4. 2.4. Madrl-expressing pachytene sperrnatocytes are most sensitive to the loss of BMP8B protein As summarized in Fig. 4 , Madrl expression in stage V-I seminiferous tubules overlapped with the expression of BmpS genes in stage VI-VIII seminiferous tubules. Inactivation of Bmp8b results in increased apoptosis of germ cells and testis degeneration, and late pachytene spermatocytes are the first cell population to be affected in the absence of a functional Bmp8b gene, indicating that these cells were most sensitive to the availability of BMP8 protein . In order to examine the relationship of Bmp8a, Madrl, and cell death in the Bmp8b null mutants, we examined adjacent sections of a degenerating mutant testis by gene expression (Bmp8u and Madrl), periodic acid-Schiff's reagent staining, and TUNEL labeling for programmed cell death (Allan et al., 1987; Allan et al., 1992; Gavrieli et al., 1992; . Bmp8u and Bmp8b are expressed in the same germ cells in an identical manner in wildtype testis . In the homozygous BmpSb mutants, the expression of Bmp8a is unchanged, while that of Bmp8b is undetectable (Fig. 5A,B) . Therefore, Bmp8a serves as an ideal marker for stage 6-8 round spermatids in both wild-type and Bmp8b mutant testes. A representative seminiferous tubule is shown in Fig. S-F' .
Based on the high levels of Bmp8a expression in round spermatids and at lower levels in some pachytene spermatocytes (Fig. 5E ,E') as well as the morphology of the acrosomes of the round spermatids (Fig. 5D') , the tubule illustrated in Fig. 5 was considered to be at late stage VII. Fig. 5C ,C' reveals moderate levels of Madrl RNA in the pachytene spermatocytes, in a pattern similar to the Madrl expression in a normal late stage VII seminiferous tubule. As judged by TUNEL labeling, a number of Madrl-expressing pachytene spermatocytes have become apoptotic (red arrows in Fig. 5F '), while in wildtype seminiferous tubules, apoptotic pachytene spermatocytes are barely detectable or appear much less frequently . These data suggest MADRl mediates the BMP8 signal transduction supporting the survival of meiotic germ cells. We further compared the Madrl expression in homozygous Bmp8b mutant testes before and during germ cell degeneration with that of the wildtype testis (Fig. 6) . As shown from the representative stages of seminiferous tubules in Bmp86 mutants, the expression profile of Mudrl was not altered in the mutants, either before or during degeneration. However, a decreased number of germ cells was observed in the homozygous mutant seminiferous tubules (Fig. 6A '-C') due to degeneration. This observation fits the notion that BMPs do not regulate the transcription of Mudr genes, but rather they affect the phosphorylation of MADR proteins through their receptor complexes (Graff et al., 1996; Hoodless et al., 1996) .
Discussion
Contrary to the complicated expression patterns and functions of Bmps during embryonic development (Gelbart, 1989; Kingsley, 1994; Massagut et al., 1994; Hogan, 1995; Hogan, 1996) , Bmp8a and Bmp8b genes are the only members in the family so far reported to be expressed in postnatal male germ cells in a stage-specific manner . Furthermore, both Bmp8a and Bmp8b are required for normal spermatogenesis as revealed by targeted mutagenesis ; and unpublished results for Bmp8a). Targeted mutation of the Bmp8 genes cause increased germ cell apoptosis and testis degeneration, and pachytene spermatocytes are the first population to be affected . The fact that mid to late stages of pachytene spermatocytes are most sensitive to the availability of BMP8 proteins and the putative receptors for BMPs, such as ActRIIA (Kaipia et al., 1992; Kaipia et al., 1993) are expressed in these cells, strongly suggests that BMP8 proteins act on pachytene spermatocytes directly to support their survival and differentiation. The expression of Mudrl, a known component of the BMP signal transduction pathway (Graff et al., 1996; Hoodless et al., 1996) , in the cells which are most sensitive to the absence of BMP8B protein supports this hypothesis, and further suggests that MADRl serves as a downstream component of BMP8 signaling pathway during spermatogenesis.
During male gonad development, germ cell proliferation is tightly controlled.
In the mouse, male germ cells cease proliferation a few days after their migration into the urogenital ridge, and they do not resume proliferation until l-3 days after birth, depending on the genetic background (McCarrey, 1993; Orth, 1993) . As we have shown previously, BMP8B plays an essential role in the resumption of germ cell proliferation , and Madrl is not expressed at a significant level in early spermatogonia.
Therefore, Mudrl is unlikely to mediate the resumption of male germ cell proliferation after birth. Other Mudr genes such as Mudr2, which is expressed in spermatogonia and early meiotic germ cells (our unpublished results), are likely to be involved in this process. Therefore, it would be reasonable to hypothesize that MADR2 mediates the proliferation of spermatogonia and differentiation of early meiotic germ cells while MADRl affects the survival and differentiation of late meiotic germ cells.
Materials and methods
Molecular cloning of mouse Madrl
Degenerate oligonucleotide primers corresponding to the conserved regions of Drosophila MAD protein (Sekelsky et al., 1995) were designed for polymerase chain reactions (Loh et al., 1989) to amplify putative mouse Mad-related cDNA sequences, using a 10.5dpc mouse embryonic heart cDNA library (Stratagene) as template.
The 5' primer S-TGCATCAACCCA(C/G/ T)TAT(C)CA-3' corresponds to amino acids CINPYH, and the 3' reverse primer 5'-CTCGATCCAA(G)CAA(C/ G/T)GGA(C/G/T)GT-3' corresponds to amino acids TPCWIE of MAD protein. PCR was performed with 100 ng of the DNA template, 200 ng of each primer in a volume of 100 ~1, 94°C 30 s for denaturation, 45°C 30 s for annealing, 72°C 60 s for extension for a total of 35 cycles. A single DNA fragment of 900 bp was amplified and cloned into PCRscript vector (Stratagene). Sequencing revealed that this amplified DNA fragment encoded a putative polypeptide highly homologous to Drosophila MAD, named Madrl for mouse Mad-related 1. The same cDNA library was screened at high stringency as previously described to isolate full coding cDNA clones. Nineteen positive clones were identified out of 1 x lo6 plaques. Sequencing was performed by dideoxynucleotide termination methods (Sanger et al., 1977) . The nucleotide and putative amino acid sequences of Madrl were submitted to the GenBank under the accession number of u74359.
DNA constructs
Madrl-3' UTR was constructed by cloning a 1.2 kb fragment of the 3' untranslated region of Madrl amplified by PCR into PCRscript (Stratagene). 35S-labeled antisense RNA probes were synthesized with T3 RNA polymerase. Sense control probe was synthesized with T7 RNA polymerase.
Bmp8a3' UTR and Bmp8b3' UTR were used to generate antisense RNA probes against Bmp8a and Bmp86, respectively, as previously described .
In situ hybridization, histology, and TUNEL labeling
To study the expression profile of Madrl in wildtype animals, testes from postnatal mice of ICR strain were dissected out, rinsed in phosphate buffered saline (PBS), and fixed in 4% paraformaldehyde-PBS for 3-12 h, depending on the size of the testes. Testes embedded in paraplast were sectioned at 7 pm, and then mounted to Superfrost plus slides (Fisher Scientific) under RNasefree conditions.
Bmp8b mutant testes were collected from a population of interbred mice with a mixed genetic background of (Black Swiss x 129/SvJ). Detailed in situ procedure is essentially as described (Zhao et al., 1993; with slight modifications. In brief, proteinase K digestion time was extended to 8 min to allow better permeability, and hybridization temperature was raised to 60-65°C to increase the difference between backgrounds and specific signals.
For Madrl in situ hybridization, slides were exposed at 4°C for 3 days (Fig. 5C ,C' and 6) and 5 days (Figs 2 and 3) after dipping in emulsion. For Bmp8 in situ hybridization, slides were exposed at 4°C for 7 days (Fig. 5A,B ) or 14 days (Fig. 5E ,E') after dipping in emulsion.
TUNEL labeling was carried out essentially as described .
Slides of in situ hybridization and TUNEL labeling were counterstained with Mayer's hematoxylin (Sigma) for l-3 min. For other testis histology, sections were stained with periodic acid-Schiff's reagent/hematoxylin as described .
